Abstract. Some coastal areas of northern Chile have received copper mine tailings for more than 60 years. At these areas, the toxic effects of copper have eliminated most intertidal seaweed and macroinvertebrate populations. However, the harpacticoid splashpool copepod Tigriopus angulatus seems unaffected, inhabiting heavily impacted sites. Because this species of copepod makes the energy of photosynthesis available to higher trophic levels, it becomes ecologically relevant to define the range of copper it can tolerate without affecting its population size. This was assessed through the analysis of demographic responses measured in a life-cycle experiment with copepods from a site with no history of heavy metal pollution. Results showed that juvenile survival was the most sensitive endpoint and that the species' intrinsic rate of natural increase (r m ) remains unaffected (without showing a fitness cost associated with tolerance) at copper concentrations within the range measured at these impacted areas. Thus, despite the high levels of dissolved copper measured at those sites, the local population of T. angulatus apparently can persist in exploiting its ecological niche and contributing to the overall ecosystem functioning, highlighting an unforeseen role of this copepod in the maintenance of food webs at the copper-enriched environment of northern Chile.
Introduction
Anthropogenic contamination of natural environments may have deleterious effects on different taxa, generating changes in community structure and ecosystem functioning (Parker et al. 1999) . Depending on the level and duration of pollution events, these community and ecosystem changes can theoretically result from: (i) elimination of sensitive species due to direct toxic effects; (ii) replacement of these species by less sensitive ones due to release from competition; (iii) shifts in food-web interactions as a result of decreased predation and/or grazing of toxic susceptible species; (iv) acclimation (physiological adaptation); and (v) selection of genetically inherited tolerance or microevolution due to pollution . It has been recently hypothesised that due to the existence of ecological costs derived from physiological alterations associated with tolerance, the loss of genetic variability and negative pleiotropy with fitness traits, acclimation and micro-evolution due to pollution may alter different properties of the affected populations. In this case, although the exposed populations remain at the affected site, pollution may alter their functional traits (Hooper et al. 2005) , modifying the way species exploit their ecological niche and contribute to the overall ecosystem functioning ).
An example of a long-term pollution event that has generated changes in the community like those indicated above has been well documented in the northern coast of Chile, where the bay of Chañaral has received wastes from the El Salvador copper mine since 1938, directly affecting more than 20 km of coastline (Castilla 1983; Paskoff and Petiot 1990) . From 1976 to 1989, the discharge point was moved 10 km north from the bay to Caleta Palito (26 • 16 S, 70 • 41 W), a rocky cove that received ≈130 × 10 6 metric tonnes of tailings in 13 years. After the construction of an inland sedimentation dam in 1990, sediment-free wastewaters have been channelled from the dam to Caleta Palito. Studies along this area have shown a variable but persistently high concentration of total dissolved copper in coastal seawater (from 8.7 µg L −1 to 30.7 µg L −1 ), beach progradation, severe reduction in species richness and a complete modification of the intertidal community structure (Medina et al. 2005) .
Although copper is an essential micronutrient for all living organisms, at high concentrations it may become toxic for plants and animals. Literature reviews on the toxicity of copper to marine organisms have been regularly updated (Mance et al. 1984; Smith 1993; Grimwood and Dixon 1997) and the concentration of 5 µg L −1 has been proposed as environmental quality standard (EQS) to protect seawater organisms. Although dissolved copper in Caleta Palito reaches values six times higher than this EQS, certain invertebrate and algal species are able to maintain their populations at this site without showing signs of decline (Medina et al. 2005) . One of these species is the harpacticoid splashpool copepod Tigriopus angulatus Lang, 1933, which is also found in sites with no history of heavy metal pollution.This herbivore copepod makes the energy of photosynthesis available to higher trophic levels through predator-prey interactions with many larval, post-larval and juvenile stages of fishes and crustaceans (Coull 1990; McCall and Fleeger 1995) .
Through the analysis of demographic responses measured in a life-cycle experiment, this study aimed to assess the tolerance of T. angulatus to dissolved copper in seawater and to indirectly estimate the potential effects of the copper-related pollution at Caleta Palito on its population growth rate.
Materials and methods

Animal collection and culture
To assess the species' natural range of tolerance, excluding the possible expression of any physiological or genetic adaptations generated by current or past exposures to metal enrichments, adult individuals of T. angulatus were collected from intertidal pools in a site with no history of heavy metal pollution (La Laguna, Chile, 32 • 37 S, 71 • 25 W). Stock cultures of copepods were maintained in 0.45-µm filtered seawater (34 psu) at 20 • C, photoperiod of 16 : 8 (light : dark) cycle, oxygen from 8 to 9 mg L −1 and pH from 8 to 8.5. Animals were fed with dry algal powder made of Ulva sp. obtained from the same site. Algal tissue was dried at 40 • C for 48 h and milled until a fine green powder was obtained. The culture media was changed every other day.
Experimental design
The experiment began with the collection of nauplii (<2 days old) from the stock culture. Nauplii were obtained by sorting gravid females and allocating them to glass Petri dishes with seawater from the stock culture. After 48 h, females were taken back to the stock culture and newborn nauplii were randomly and individually allocated to 24-well plastic microplates (Orange Scientific, Braine-l'Alleud, Belgium) with 3 mL of test solution. Thirty animals per each of the six selected treatments (see below) were tested separately as replicates, which allowed each individual to be observed until the end of the experiment. Survival and development was monitored every other day until animals reached maturity (juvenile period). After this period, those individuals that became males were eliminated from the experiment, which continued only with the remaining females. Before male exclusion, couples from the same treatment were allocated to separate containers to ensure mating. It has been reported that females of this genus require only one mating event to ensure fertilisation of all eggs produced during its life span (Davenport et al. 1997) . Nauplii production was monitored on each replicate (individual female) until Day 28, when all animals in the control died and thus, the experiment was terminated.
Life-cycle data were used in the equation described by Lotka (1925) to estimate the intrinsic rate of natural increase (r m ):
where r m is the intrinsic rate of natural increase (day −1 ), x is age (days), l x is the age-specific survival, and m x is the agespecific fecundity. Because survival of females is most important to reproduction, only the age-specific survival of this group was considered in the equation. It was assumed that survival of males and females was the same during the juvenile stage (i.e. naupliar and copepodid stages); thus, the number of living females at the beginning of the experiment and their juvenile mortality was estimated for each treatment considering the sex ratio observed at the end of this period. This assumption cannot be verified because it is impractical to determine the sex of individuals dying before maturity. Once animals reached adulthood, and until the end of the experiment, the number of living females was recorded directly from each treatment. When calculating age-specific fecundity (m x ), it was assumed that regardless of the treatment, 50% of the offspring were females. et al. 1988; Morandi 2004) , five sub-lethal concentrations of dissolved copper were selected for the experiment. These included 20, 34, 60, 103 and 180 µg L −1 of total dissolved copper made from dilutions of a standard solution of metallic copper (in 5% nitric acid, J. T. Baker, USA) in the required volume of filtered seawater (0.45 µm, 34 psu) from the collection site (La Laguna). A control (no copper added) was also included in the experiment. Although no copper was added to this treatment, previous studies performed in our laboratory have recorded concentrations of total dissolved copper <3.7 µg L −1 in coastal seawater from this site. Food was added ad libitum to each microplate, ensuring all animals were well fed during the experiment. Test media were changed every 48 h. Because no significant differences between nominal and measured dissolved copper concentrations have been found in our laboratory when this methodology has been applied (Contreras et al. 2007) , the former values were used in all calculations. All glass and plasticware used in the experiment were previously washed with nitric acid (5%, Merck, Whitehouse Station, NJ) and rinsed with distilled ultra-pure water.
Water chemistry Based on 96-h acute toxicity tests reported elsewhere (O'Brien
Data analysis
Differences between control and copper treatments on survival during the juvenile period (i.e. naupliar and copepodid stages) were tested using a life-table survival analysis (SPSS, ver. 12.0 for Windows, SPSS, www.spss.com). The test analyses mortality on each treatment during the study period and applies a Wilcoxon (T) paired-sample test (Zar 1999) . The same analysis was applied to test differences in survival considering mortality during the whole experiment (i.e. juvenile plus mature female survival). Significant differences between treatments regarding development (measured as length of the juvenile period), fecundity (measured as the accumulated nauplii production after 28 days) and r m were tested using the Kruskal-Wallis test, which is the nonparametric equivalent to the one-way (between subjects) analysis of variance. The post hoc Dunn test, which is a nonparametric Tukey-type multiple comparison test for unequal sample size was then applied to determine which treatments were significantly different from the control (Zar 1999) . Nonparametric tests were applied to the data that violated the assumptions of normal distribution and homogeneity of variances.
Results
The trend of T. angulatus juvenile survival across copper concentrations shows that survival decreases as copper concentration increases, dropping from 100% in the control to 30% at the highest copper treatment (Fig. 1) . Survival analysis indicated that the effect on this trait was significant at copper concentrations equal or above 34 µg L −1 . Average development (juvenile period, Fig. 2 ) ranged from 11.8 days (±s.d. 1.3) to 16.9 days (±s.d. 1.8) and the Kruskal-Wallis tests showed significant differences between treatments (χ 2 5 = 60.53, P < 0.001). The post hoc Dunn multiple comparison test, however, demonstrated no significant differences within the control-60 µg L −1 range. When survival was analysed considering the whole experimental period, significant differences were observed only between the control and the highest copper concentration (Table 1) . The mean accumulated nauplii production (fecundity) after 28 days also varied significantly across copper concentrations (KruskalWallis, χ 2 5 = 25.91, P < 0.001). The highest average values were recorded in the control and 20 µg L −1 treatments (Fig. 3) . The Dunn test detected significant differences only between the control and the two highest copper concentrations. Furthermore, the percentage of living females that did not produce any offspring (fecundity = 0) also increased as a function of copper concentration.
Copper (g L
The above information allowed the estimation of T. angulatus intrinsic rate of natural increase (r m ) on each treatment (Fig. 4) . This value declined significantly as a function of copper increase (Kruskal-Wallis, χ 2 5 = 33.90, P < 0.001), with detrimental effects becoming significant at concentrations of 103 µg L −1 or higher (Dunn test). It also became evident that r m turned negative only when copepods were exposed to 180 µg L −1 . M. H. Medina et al. 
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Discussion
The present study demonstrates that copper excess in the environment can have significant and detrimental effects on survival, development and fecundity of the splashpool copepod T. angulatus. However, the concentration at which the metal exerted a significant effect varied among these three traits, with survival during the juvenile period being the most sensitive. An integration of these responses was achieved by estimating the species intrinsic rate of natural increase across the tested copper concentrations. The analysis indicated that T. angulatus from a site with no history of copper pollution can maintain its population's intrinsic rate of natural increase at copper concentrations up to 103 µg L −1 . Above this concentration, r m is reduced and detrimental effects on the studied traits can even drive the population to local extinction (negative r m at 180 µg L −1 ). Analyses that integrate different life-history trait responses (i.e. survival, development and fecundity) are considered to produce better estimates of the real effect of toxicants than measuring effects on single traits separately, because life-table analyses can be used to determine population dynamics (Calow et al. 1997; Forbes and Calow 1999) . This is supported by results obtained here, as a significant disruption of the population performance was observed at concentrations 17% of the adult's 96-h acute toxicity reported by Morandi (2004) for the same species and by O'Brien et al. (1988) for individuals of the same genus (≈600 µg L −1 ). Thus, although informative, the sole consideration of the level of copper in seawater that impairs copepod survival (i.e. 96-h LC 50 ) could have led to misleading conclusions regarding the risk of population decline when facing copper enrichments. The latter supports the review by Raisuddin et al. (2007) who found that although the genus Tigriopus is tolerant to most common pollutants in acute exposures, its sensitivity increases significantly after chronic exposure, being especially evident when population endpoints are considered.
Variations in the concentration at which copper exerted a significant effect on the different traits assessed in this study also made the estimation of r m a necessary analysis if bias was to be avoided and realistic scenarios were to be assessed. For instance, the consideration of effects on juvenile survival alone could have led to overestimating possible ecological consequences, because r m was significantly affected only at concentrations three times higher than that significantly affecting this particular trait (i.e. 103 µg L −1 ).
The use of life-cycle experiments coupled with estimates of the importance of various life-history traits to the performance of species exposed to toxic stress has been called decomposition analysis (Kammenga and Riksen 1996; Levin et al. 1996; Barata et al. 2002) . The analysis allows quantifying the relative contribution of changes in each trait to fitness, which could be defined by r m in the Lotka equation (Charlesworth 1980; Kozlowski 1993) . In this study, the combined detrimental effects of copper on survival, development and fecundity contributed to the dramatic reduction in the population's growth rate observed at the highest tested concentration. Inspection of the data, however, revealed that at lower concentrations, the effect on r m follows the effect on certain traits only. At 103 µg L −1 , maintenance of survival during the whole experimental period (no significant differences with the control) was not enough to counter the significant effect on the intrinsic rate of natural increase generated by disruptions of the other three tested traits. On the other hand, although mortality of early life stages (juveniles) was significantly enhanced at concentrations equal and above 34 µg L −1 , population growth rate was not affected at this level of dissolved copper owing to maintenance of the juvenile period (development), survival during the following developmental stage (adults) and fecundity.
Survival of early life stages has been also described as the most sensitive life-history trait of copepods in other studies. For example, in experiments with meiobenthic and splashpool copepods exposed to metals, pesticides and polychlorinated biphenyls, it was reported that juveniles (nauplii) were two to four times more sensitive than adults (Verriopoulos and Moraittou-Apostolopoulou 1982; O'Brien et al. 1988; DiPinto et al. 1993; Lotufo and Fleeger 1997; Forget et al. 1998) . Sunda et al. (1987) and Medina et al. (2002) also found that adults of a calanoid copepod were two and 28 times more tolerant to metals and pyrethroid pesticides than nauplii, respectively. However, despite the phenotypic plasticity across different levels of toxic environments, the study presented here showed that this trait is not the main factor controlling the dynamics of T. angulatus populations exposed to copper excess. On the contrary, results obtained here suggest that combined detrimental effects on this and the other two traits studied (development and fecundity) are required to trigger a disruption of population growth. The latter contrasts with findings made on other harpacticoid copepod species, in which a reduction of population growth rate was attributed to a higher sensitivity of juvenile survival alone (Brand et al. 1986) or specific effects on fecundity .
When extrapolated to the copper-related pollution currently observed in northern Chile, the results presented here become ecologically relevant. Although the mean concentration of dissolved copper measured in coastal seawater at this area might be toxic to many marine organisms (i.e. dissolved copper > EQS), it has remained within the natural tolerance range showed here by the most sensitive life-history trait ofT. angulatus. This condition revealed the possible existence of the second type of community change during this pollution event (see Introduction), where sensitive copepod species were eliminated from the copper-enriched system and their ecological niche was occupied by T. angulatus. This hypothesis is supported by the low abundance of this species in adjacent areas not affected by the copper mine tailings, as revealed by qualitative observations made by the authors. Certainly more research is needed to experimentally demonstrate the competitive relationship betweenT. angulatus and other copepod species inhabiting local splashpools.
It has been shown that micro-evolution due to pollution, or small-scale evolutionary processes associated with genetically inherited increase in tolerance, is a common population response in nature when toxic substances are released to the environment ). Concentrations of dissolved copper close to that affecting the juvenile survival of T. angulatus (34 µg L −1 ) were measured in Caleta Palito between 1994 and 2004 (Medina et al. 2005) and levels higher than 80 µg L −1 were reported during the 1980s (CIMM 1996) . Although it seems reasonable to expect that these high levels of dissolved copper could have triggered a micro-evolutionary process towards selection of the most tolerant genotypes of T. angulatus population in the area, it is likely that the broad tolerance revealed by this study has buffered that selection process. In addition, it should be taken into account that population compensation processes could have also contributed to the maintenance of the local population at these sites. When this occurs, surviving individuals are able to maintain high rates of population increase owing to an abundance of available resources (Walthall and Stark 1997) . The latter could have also buffered any related ecological effect derived from a reduction in population size during the increases of dissolved metal in the water.
The absence of effects on development and fecundity when T. angulatus was exposed to copper levels within the range of the values reported for Caleta Palito (8.7 to 30.7 µg L −1 ) revealed the lack of fitness costs associated with tolerance. This result suggests that the population of Caleta Palito maintains the species' functional traits. Thus, despite the high levels of dissolved copper, this population apparently can persist in exploiting its ecological niche and contributing to the overall ecosystem functioning.
This type of herbivorous copepod makes the energy of photosynthesis available to higher trophic levels through predatorprey interactions with many larval, post-larval and juvenile stages of fishes and crustaceans (Coull 1990; McCall and Fleeger 1995) . Thus, this information also highlights an unforeseen role of this copepod in the maintenance of local food webs in the copper-enriched environment of northern Chile. How resilient a splashpool becomes when this ecological function is controlled by a highly tolerant copepod, compared to unpolluted pools where this link is assumed by different species, has to be investigated.
The level of variability shown by any measured trait will depend on its relationship with overall fitness, those highly correlated with it being less variable across toxic environments (Schlichting and Smith 2002) . The traits measured in the present study were highly correlated with the intrinsic rate of natural increase and maintained a low plasticity (low variation) within the range of copper concentrations measured at Caleta Palito (no significant differences up to 34 µg L −1 ). Thus, the empirical findings shown in this study agree with the theory. However, further analysis of other traits that do not directly correlate with fitness (i.e. feeding rate, behaviour) could reveal physiological adjustments through higher phenotypic plasticity across the range of concentrations reported in Caleta Palito than those shown by the traits considered in this report. These traits could become significant for the performance of the population and the ecology of splashpools when carrying capacity and interspecies relationship are considered.
